Introduction Better characterization of bone geometry in adolescents with anorexia nervosa (AN) may improve understanding of skeletal deficits in this population. Our objective was to determine whether hip cross-sectional geometry and bone strength were altered in adolescents with AN. Methods Measurements of the left total proximal femur and body composition were obtained in 85 adolescents with AN and 61 healthy controls by dual X-ray absorptiometry. The Hip Structural Analysis (HSA) program was used to determine aBMD, cross-sectional area (CSA), and section modulus (Z) at the femoral neck and shaft. Strength indices were calculated and corrected for lean mass. Results Femoral neck and shaft aBMD were lower in AN patients than healthy controls (−36% and −29%, p<0.001). In both regions, bone CSA and Z were lower in AN sufferers (−11 to −35%, p<0.001). While lean body mass correlated with HSA variables (r=0.48 to 0.58, p<0.001), body fat did not. AN sufferers had lower indices of both whole bone strength (−40%, p<0.001) and relative bone strength (−36%, p<0.001) than controls. Conclusions Anorexia nervosa sufferers had decreased resistance to axial (CSA) and bending loads (Z) compared with healthy controls. Differences in strength properties were significant even when adjusted for lean mass, suggesting that not only decreased mechanical loading, but also known metabolic differences are likely responsible for deficits in bone strength in these patients.
Introduction
Adolescence is the critical period in a young woman's life for bone mineral acquisition and attainment of peak bone mass [1] . Anorexia nervosa (AN), a disorder of malnutrition, intense fear of weight gain, and amenorrhea, is the third most common chronic disease among adolescent girls [2] . As a consequence of this disease, affected young women may never attain their peak bone mass [2] [3] [4] . Two clinical features of AN, estrogen deficiency and loss of body weight, are important risk factors for osteoporosis [5] . Multiple studies have demonstrated that over half of patients with AN are at risk of skeletal deficits that may not return to pre-illness levels, even following weight restoration and return of menses [6, 7] . The majority of these studies used dual-energy X-ray absorptiometry (DXA) measurements of areal bone mineral density (aBMD, g/cm 2 ) and bone mineral content (BMC, g) as primary skeletal outcome measures. While DXA remains the preferred method of evaluating bone mass in children and adolescents due to its speed, precision, low radiation exposure, and availability of pediatric reference data, traditional outcomes of aBMD and BMC do not adequately describe the strength of bone. Bone strength depends on both the material and structural (geometric) properties of bone [8] . While material strength cannot yet be measured in vivo by non-invasive means, geometry can be measured and may reveal strength deficits not readily evident in conventional BMD or BMC [9] .
Recent advances in bone densitometry make it possible to calculate specific measures of bone structural geometry from conventional DXA images. One such method is the Hip Structural Analysis (HSA) program, which uses properties of the DXA image to derive geometric measures that are commonly used in engineering evaluations of strength [10] . The HSA method measures bone geometry in narrow regions corresponding to thin cross-sectional slices of bone at specific locations through the proximal femur. The resulting structural variables provide clinically relevant indices of bone strength, and have been used to predict stress fractures in military recruits [9] , explain gender and ethnicity differences in fracture rates [11] , and evaluate bone adaptation to weight changes, hormone replacement, and exercise intervention [12, 13] . Significant structural changes can be seen after specific interventions despite only modest changes in BMD as measured by conventional methods of bone densitometry [12] .
Better characterization of bone geometry in adolescents with AN may improve our understanding of bone adaptation to changes in mechanical loads and the hormonal milieu. Previous literature suggests that estradiol inhibits periosteal expansion and stimulates bone formation on the endocortical surface [3] . These associations could be either a direct effect of estradiol or an interaction with mechanical load response [14, 15] . Regardless, patients with AN who have both low estradiol levels (among other hormonal alterations) and reduced mechanical load (from low lean mass) would be expected to have altered bone geometry.
The objective of the current study, therefore, was to determine whether the geometric expression of DXAderived bone mass suggested a deficiency in bone strength in young women with AN. We also sought to determine the relationships between anthropometric measurements and parameters of proximal femur cross-sectional geometry. We hypothesized that periosteal diameters would be greater due to estrogen deficiency, but that geometric strength would be lower in young women with AN compared with healthy young women.
Materials and methods

Participants
Female adolescents and young women aged 14 to 26 years with a diagnosis of AN (n=85) were recruited from the Eating Disorders Program at an outpatient adolescent medicine clinic. All met Diagnostic and Statistical Manual IV (DSM-IV) criteria for AN and were post-menarchal. All participants with AN had secondary amenorrhea; those less than 15 years old were at least 2 years post-menarchal. Patients receiving hormonal agents or other medications known to affect bone during the 3 months prior to study enrollment were excluded.
Data from the Penn State Young Women's Health Study (YWHS) were used as control data. The YWHS was a longitudinal study of Caucasian adolescent girls attending school in central Pennsylvania. Details of recruitment methods have been previously reported [16] . Data from the participants from study visits 10 through 15 (corresponding to their ages 15 to 23 years) were utilized for comparison. All controls were post-menarchal at the time of the visits. Participants were excluded if they were taking medications known to affect bone health, such as contraceptive hormones (oral contraceptive pills, depot medroxyprogesterone), glucocorticoids, or anticonvulsants. Data from a total of 61 controls met the criteria for use in the data analysis.
All study procedures were reviewed and approved by the local institutional review boards. Informed consent was obtained from all participants over the age of 18 years or their parents. Minors (age <18 years) provided assent for participation.
Data collection
Data were collected in patients with AN at the baseline visit of a clinical trial. All participants completed a semistructured interview for demographic information and health history, including information about medication use and menstrual history. Height (cm) was measured using a wall-mounted stadiometer. Weight (kg) was measured postvoiding, with participants wearing a hospital gown. The same stadiometer and calibrated scale were used for all measurements. Body mass index (BMI, kg/m 2 ) was calculated, and BMI percentile was determined using published percentile tables [17] .
Bone measurements
Participants with AN had aBMD and BMC measured by DXA using the QDR-4500 with Delphi upgrade (Hologic, Waltham, MA, USA). Measurements were performed at the left total proximal femur and the lumbar spine (L1-L4). BMD Z-scores were calculated using age-and genderspecific reference data for comparison [18, 19] . For participants less than age 20 years, pediatric normative data were used [20] . The in vitro precision for DXA measurements using the average of daily scans of standard phantoms over the previous 6 months was 0.35% at Children's Hospital Boston. Controls had DXA images taken at the proximal femur using the QDR-2000 W bone densitometer (Hologic). The observed in vitro coefficient of variation was less than 0.7% for the day-to-day quality control scans [13] .
Body composition
Body composition was also measured in all participants by DXA, including lean body mass (kg) and body fat, expressed as a percentage. To account for the use of two different Hologic machines to measure body composition, absolute values for lean body mass and body fat percentage from the QDR-4500 Delphi were corrected to values for the QDR-2000 W using published regression-generated equations [21] . The conversion equations reduce the discrepancy between scanners to a level that enables direct comparison of data obtained by the two instruments.
Bone geometry analyses
Proximal femur scans were analyzed for bone structure and cross-sectional geometry by use of the Hip Structure Analysis (HSA) program developed by Beck et al. [10] , which is based upon principles first described by Martin and Burr [22] . The HSA software version 3.1 derives measurements of BMD and geometry of narrow crosssections of bone from traditional DXA images. HSA v3.1 averages bone dimension and geometry measurements for a series of five parallel pixel mass profiles spaces ∼1 mm apart along the bone axis. We report analyses from the narrow neck region (NN, across the femoral neck at its narrowest point) and the proximal femoral shaft region (S, across the shaft 1.5 times minimum neck width, distal to the intersection of the neck and shaft axes). HSA data are standardized to a common phantom, making the QDR-4500 Delphi and QDR-2000 W data equivalent.
At the two analysis regions, bone mineral density (BMD, g/cm 2 ), bone cross-sectional area exclusive of soft tissue spaces (CSA, cm 2 ), and cross-sectional moment of inertia (CSMI, cm 4 ) were measured. Section modulus (Z, cm 3 ), a measure of bone bending strength, was calculated as CSMI/ dmax, where dmax = the maximum distance from the center of mass to the surface. CSA and section modulus are inversely related to stresses due to axial and bending loads respectively. Bone outer diameter was measured directly between the margins of the blur-corrected bone mass profile. Cortical thickness (cm) was estimated by modeling cortices of femoral shaft cross-sections as concentric circles. Models assume 100% of the measured mass is in the cortex for the femoral shaft, and endosteal (inner) diameter is estimated. The relative thickness of the femoral neck cortex was calculated as a buckling ratio. Details of the method were recently published [23] .
Strength indices
Strength indices were calculated to evaluate whether bone strength was compromised in the young women with AN. The index is based on the general principle that the strength of a long bone scales as a section modulus over bone length [24] . A bone strength index (section modulus/height) was calculated, using height as a surrogate for bone length.
Resulting values were multiplied by 1,000 for convenience. Relative bone strength (bone strength index/lean body mass) was also calculated to determine whether responses to load stimulus were different between the two groups.
Statistical analyses
Descriptive statistics (percentages, means, and standard deviations) were used to characterize the sample. Random effects regression models were used to compare anthropometric characteristics, age, and bone structural variables between groups while accounting for within participant variation due to the multiple observations per participant in the control group. Spearman correlation analyses were used to evaluate relationships between the anthropometric values 
Results
Descriptive statistics
We studied 85 adolescents and young women with AN and 61 healthy controls. Anthropometric measurements and information on demographic characteristics were obtained (Table 1) . A total of 298 observations were included for the 61 controls; measurements were obtained on only one occasion for each participant with AN. There were no significant differences in age or height between the groups. As expected, patients with AN had significantly lower body weight, BMI, lean body mass, and percentage body fat. Group differences in body composition remained significant even after the conversion equation to correct for scanner differences was applied. Participants with AN had a median duration of illness of 18 months (range 3 to 138 months) and median duration of amenorrhea of 11 months (range 3 to 90 months).
Bone mineral density
Conventional mean hip aBMD by DXA in the patients with AN was 0.847±0.176 g/cm 2 (mean ± SD). The mean aBMD Z-score was −0.647±0.890, with a range of −2.7 to 1.5. Total femur BMD Z-scores were between −1.0 and −2.0 SD in 40% of patients, and ≤−2.0 SD in 4% of patients. At the lumbar spine, mean aBMD in the participants with AN was 0.884±0.092 g/cm 2 . The mean Z-score was −1.1±0.88 with a range of −3.1 to 0.8. Spinal BMD Z-scores were between −1.0 and −2.0 SD in 31% of patients, and ≤−2.0 SD in 21% of patients.
Bone dimensions and geometry
We found significant group differences in bone structural geometry (Tables 2 and 3 ). As expected, aBMD was significantly lower at both the narrow neck (−36.4%) and the femoral shaft (−29.6%) regions in participants with AN. Interestingly, despite having wider outer (periosteal) diameter at both the femoral neck (n.s.) and shaft (p<0.001) regions, the section modulus was lower in patients with AN (NN, −35.6%; S, −11.3%). The lower bone bending strength in participants with AN was due to wider inner (endocortical) diameters and lower bone CSA at both regions. Geometric differences led to lower cortical thickness and substantially higher buckling ratios (+38%) in both regions in participants with AN compared with healthy controls. The results did not change after adjusting for participant age or height. Data are presented as mean ± SE from random effects model accounting for within-participant correlation In patients with AN, both weight and height were correlated with bone CSA and section modulus at the narrow neck and shaft (r=0.26 to 0.57; p<0.01). Age did not predict structural variables in any hip region. There was a significant association between lean body mass and hip structural variables at the narrow neck and shaft (r=0.48 to 0.58), which remained significant after adjusting for height. The correlations were higher in the controls (r=0.66 to 0.77). Body fat percentage was not related to any bone parameter at either region (Fig. 1) .
In multivariate regression analyses, AN status remained a significant predictor of all hip structural variables at both the narrow neck and shaft regions (except narrow neck outer diameter) after controlling for age, height, and lean mass. The strongest model for predictors of section modulus included AN status, height, and lean mass (Table 4) . Lean mass significantly influenced section modulus, bone cross-sectional area, buckling ratio, and cortical thickness at both regions. Height was an important r=0.03; p=0.81 Fig. 1 Correlation between anthropometric measures and narrow neck structural variables in patients with anorexia nervosa predictor of inner diameter at both regions, and also for shaft buckling ratio, outer diameter, and cortical thickness.
Strength indices
At both the narrow neck and shaft regions, patients with AN had a lower bone strength index than healthy controls (−40%, p < 0.001 and −10%, p=0.004 respectively). Even after normalizing to lean body mass, relative bone strength index remained significantly different between groups at both femoral sites (−36%, p<0.001 and −9%, p=0.03).
Results did not change when the models were adjusted for participants' age.
Discussion
We used hip structural analysis as a tool to measure bone cross-sectional geometry and to estimate bone strength in adolescents and young women with AN. We have shown that participants with AN have decreased resistance to axial (CSA) and bending loads (section modulus), and decreased cortical thickness at multiple regions of the hip compared with a healthy, age-matched control group. The buckling ratio, which indicates increased fracture risk in adult populations [25] , was increased in participants with AN. While there are currently no data in chronically ill young women to predict future fracture risk, these results are intriguing. Participants with AN also had lower indices of both whole bone strength and relative bone strength compared with controls, indicating weaker bones. The differences in strength properties were significant even when adjusted for body size (height) and lean mass, a surrogate for the muscle loading forces that drive bone adaptation. This finding suggests that differences in bone geometry and deficits in bone strength in patients with AN are not only due to diminished lean mass and thus decreased muscle load, but also possibly related to hormonal differences between the two groups.
While DXA remains the standard method for bone density assessments in children and adolescents, conventional DXA measurements possess inherent limitations.
Subtle changes in cross-sectional geometry can markedly affect structural properties in ways that are not clearly evident in aBMD. [26] . In the current study, we noted significant reductions in measurements of structural geometry in patients with AN compared with age-matched healthy controls. The same participants with AN had only moderately low measurements of aBMD at the hip, as reflected by their aBMD Z-scores. These findings highlight the importance of considering structural dimensions and not only density measurements in estimating bone strength.
Variables of hip structural geometry were strongly correlated with anthropometric measurements, including height, weight, and BMI. Importantly, lean body mass was a significant predictor of CSA, section modulus, and cortical thickness, while total body fat percentage was not. Total lean body mass as measured by DXA appears to be a reliable surrogate for skeletal load [27] . Previous studies Fig. 2 Differences in the effect of lean mass on section modulus between participants with anorexia nervosa and controls. Open circles controls, Solid line slope of the line (15.37) for controls, filled circles anorexia nervosa sufferers, dashed line slope of the line (0.99) for participants with anorexia nervosa have documented that dynamic forces, rather than static loads, are the greatest stimuli for osteogenesis [28] . Thus, greater lean body mass would be expected to correlate with greater bone strength, consistent with our results and with previous work that has examined the "muscle-bone unit" in adolescent and young adult populations [29] . Interestingly, the effect of lean mass on section modulus was different between the two groups in our study (Fig. 2) . A possible explanation for these results was provided in a recent study by Fricke et al. [30] , who demonstrated that women with a present or former episode of AN have a lower set point for the acquisition of bone mass due to mechanical stimuli than unaffected females. This effect may be driven by a deficit in estrogen levels [15] .
Consistent with our initial hypothesis, the participants with AN, who possessed decreased skeletal loading due to malnutrition and related loss of muscle mass, had increased inner and outer diameters, but decreased cortical thickness compared with controls. In addition to the effects of muscle mass, the widened subperiosteal diameter and diminished cortical thickness may be also related to the low estrogen and androgen levels observed in adolescents with AN [6] . Previous work supports an association between sex steroid levels and these structural variables [13] , while biopsy data suggest that periosteal apposition is suppressed by estrogen [31] .
This study has limitations related both to the study population and analyses. All participants were Caucasian, which could limit the generalizability of our findings. However, it is known that the majority of patients with AN in the USA are of Caucasian origin [32] . The HSA program provides a method of assessing bone structural parameters utilizing DXA technology. However, DXA scans are not optimized for measurements of bone geometry. There are inherent limitations in attempts to assess three-dimensional structure from two-dimensional images. The HSA program assumes that tissue mineralization is not different from that of average adults. In reality, it may be reduced in growing adolescent skeletons, leading to small underestimates of cross-sectional geometry. Assumptions regarding proportions of cortical vs. trabecular bone that are used to estimate cortical thickness and buckling ratio may also not be as applicable to adolescents. Material strength, or factors that influence it such as tissue mineralization, determine stress resistance, but cannot be reliably evaluated using DXA or any other current non-invasive method. Despite these limitations, these sources of error should not be limited to one participant group or the other.
In summary, in this sample of adolescent girls with AN, resistance to both axial and bending loads was compromised at the hip compared with healthy, age-matched controls. In adolescent girls with AN, lean body mass was strongly predictive of bone strength while body fat was not.
This finding suggests a beneficial interaction between muscle and bone, and supports previous research emphasizing the importance of the muscle-bone unit. Estrogen and androgen deficiency also likely plays an important role in the geometric changes found in young women with AN. The results of this study highlight the need to take measures of bone geometry, as well as bone density, into account when evaluating bone health in patients with AN.
